Background Resistance to recombinant human erythropoietin (rhEPO) occurs in some chronic kidney disease (CKD) patients, which may be due to enhanced systemic inflammatory response and to the erythropoiesis-suppressing effect of pro-inflammatory cytokines, some of which are produced by T cells. Aim of study The aim of this study was to investigate the relationship between resistance to rhEPO therapy in hemodialysis CKD patients and inflammatory markers [Creactive protein (CRP), soluble interleukin (IL)-2 receptor (sIL2R), and serum albumin levels], blood cell counts, Tcell phenotype, cytokine production by T cells, and serum cytokine levels. Materials and Methods We studied 50 hemodialysis CKD patients, 25 responders and 25 nonresponders to rhEPO, and compared them to each other and with 25 healthy controls. When compared to controls, CKD patients showed increased serum levels of CRP, IL-6, and sIL2R and a T-cell lymphopenia, due to decreased numbers of both CD4 + and CD8 + T cells. T cells from CKD patients had an immunophenotype compatible with chronic T-cell stimulation as shown by the increased percentage of CD28 
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Introduction
Despite the technological advances in hemodialysis procedures and medical support in the last years, the mortality and morbidity of patients with chronic kidney disease (CKD) remain 10 to 20 times higher than that found in general population, and anemia is still an independent risk factor [1] [2] [3] [4] [5] [6] .
In the last two decades, the institution of recombinant human erythropoietin (rhEPO) therapy allowed the correction of the anemia in the majority of CKD patients, consequently reducing its associated complications and improving significantly the quality of life. However, more than 25% of these patients require high doses of rhEPO, and about 5% to 10% of them do not respond to the therapy [4, [5] [6] [7] [8] . Many factors were described to be associated with rhEPO therapy resistance, namely, iron, vitamin B12, or folate deficiencies, blood loss, hyperparathyroidism, oxidative stress, aluminum toxicity, infection, and inflammatory conditions [3, [6] [7] [8] [9] [10] [11] .
Inflammatory stimuli induce the release of cytokines, which in turn causes many systemic changes, including increased synthesis and release of positive acute-phase proteins, such as C-reactive protein (CRP), as well as suppression of negative ones, such as albumin and transferrin [6] [7] [8] [9] [10] [11] . The causes for the inflammatory response in hemodialysis patients are not obvious. There are several potential sources, including bacterial contamination of the dialyser, dialyser membrane incompatibility, and infections of the vascular access. However, the dialysis procedure may only be partially responsible because even patients with renal insufficiency who are not yet on dialysis have raised inflammatory markers that rise further after starting regular hemodialysis treatment [3, 12, 13] . This inflammatory response may mobilize iron from erythropoiesis traffic to store sites within the reticuloendothelial system, inhibit erythroid progenitor proliferation and differentiation, blunt the response to erythropoietin, and accelerate removal of erythrocytes coated with immune complexes or immunoglobulins. The erythropoiesis-suppressing effect of the increased activity of pro-inflammatory cytokines associated to this inflammatory condition has been proposed as an important factor associated to rhEPO therapy resistance [3, 6, 7, 12, 14, 15] . Pro-inflammatory cytokines such as interleukin (IL)-1, IL-2, IL-4, IL-6, tumor necrosis factor (TNF)-α, and interferon (INF)-γ diminish colony formation of burst-forming (BFU-Es) and colonyforming (CFU-Es) unit-erythroid cells, suggesting that these cytokines may cause suppression of erythropoiesis [3, 16, 17] .
Besides inflammation, end-renal failure induces a clinical state of immunodeficiency associated with a higher incidence of infections and a higher mortality due to infectious complications. This immunodeficiency is characterized by a deficient response to some vaccinations, namely, hepatitis B virus. The mechanism responsible for this immune defect is still unknown. However, it is known that lymphopenia is associated to end-renal failure, occurring in the B-and T-lymphocyte compartment, probably due to increased apoptosis [18] [19] [20] .
There are a considerable number of papers regarding the associations between inflammation and resistance to rhEPO therapy. However, only a few investigated at the same time inflammatory markers, T-cell phenotype, T-cell cytokine production, and cytokine serum levels, and most of these included a very limited number of patients. Furthermore, therapeutic and hemodialysis procedure approaches changed in the last few years, namely, concerning hemodialysis membrane biocompatibility, and these changes could influence the causes of rhEPO resistance.
The aim of this study was to investigate the relationship between resistance to rhEPO therapy and inflammatory markers, T-cell activation-related phenotype, cytokine production by T cells, and serum cytokine levels in hemodialysis CKD patients.
Materials and Methods

Subjects and Samples
Seventy-five individuals were included in this study: 50 hemodialysis CKD patients (25 responders and 25 nonresponders to rhEPO therapy) and 25 .
Blood samples were collected before hemodialysis, with and without anticoagulant [ethylenediamine tetraacetic acid (EDTA) and sodium/lithium heparine] to obtain whole blood, plasma, and serum.
Classification of CKD patients as responders or nonresponders was performed in accordance with the European Best Practice Guidelines [21] , which defines resistance to rhEPO as a failure to achieve target hemoglobin levels (11-12 g/dl) with doses of rhEPO higher than 300 IU kg
Besides rhEPO therapy, all patients were under iron and folate prophylactic therapies, in accordance to the recommendations of European Best Practice Guidelines [21] to avoid nutrient erythropoietic deficiencies.
The causes of renal failure in patient population were as follows: diabetic nephropathy (n=16), chronic glomerulonephritis (n=6), polycystic kidney disease (n=5), hypertensive nephrosclerosis (n=3), obstructive nephropathy (n=3), pyelonephritis associated with neurogenic bladder (n=1), nephrolithiasis (n=1), chronic interstitial nephritis (n=1), Alport syndrome (n=1), renal vascular disease due to polyarteritis (n=1), and uncertain etiology (n=12). All patients used high-flux polysulfone FX-class dialysers (Fresenius Medical Care, Bad Homburg, Germany). No statistically significant differences where found between responders and nonresponders among CKD patients concerning to age, gender, body weight, body mass index, time on dialysis, urea reduction ratio, Kt/V and parathyroid hormone serum levels.
Patients with malignancy, hematological disorders, systemic autoimmune diseases, and acute infections were excluded. None of the patients were under vitamin-D therapy. All patients gave their informed consent to participate in this study.
Healthy volunteers, with normal hematological and biochemical values, without any history of renal or inflammatory disease, were used as normal controls and, as far as possible, were age-and gender-matched with CKD patients.
Assays
Hemoglobin (Hb) and white blood cell (WBC) count was measured using an automatic counter (Sysmex K1000, Hamburg, Germany), and leukocyte differential counts were evaluated in Wright-stained blood films. Serum CRP was measured by immunoturbidimetry (CRP latex HS Roche kit, Roche Diagnostics). Enzyme-linked immunosorbent assay was used for measurement of serum soluble interleukin 2 receptor (sIL2R; Human IL-2 SRα, R&D systems, Minnesota, USA). Serum albumin levels were measured using a colorimetric assay end-point method (Albumin Plus; Roche GmbH, Mannheim, Germany), and the immunoglobulins were quantified by immunoturbidimetry (Tina-quant IgA, Tina-quant IgG, and Tina-quant IgM, Roche GmbH, Mannheim, Germany).
Flow Cytometry
T-cell cytokine production Heparinised blood cells were cultured for 4 h in Roswell Park Memorial Institute (RPMI) 1640 medium at 37°C in a 5% CO 2 and 95% humidity sterile environment in the presence of 25 ng/ml of phorbol-12 myristate 13-acetate, 1 μg/ml of ionomycin, and 10 μg/ml of brefeldin A (stimulated samples) or only with brefeldin A (unstimulated samples). Immediately after the incubation period, cells were stained with allophycocyanin (APC) conjugated anti-CD3 and fluorescein isothiocyanate (FITC) conjugated anti-CD8 mouse anti-human monoclonal antibodies [MAbs; Becton Dickinson, Biosciences (BDB), San Jose, CA, USA] for 15 min in the dark at room temperature. After incubation, cells were washed once in 2 ml of phosphate-buffered saline (PBS). After discarding the supernatant, cells were fixed, permeabilized, and stained with phycoerythrin (PE) conjugated MAbs directed against human cytokines (IL-2, TNF-α, and INF-γ) or PEconjugated isotype-matched MAbs reagents (negative controls; Pharmingen, San Diego, CA, USA). For this purpose, the Fix & Perm reagent (Caltag, San Francisco, CA, USA) was used, strictly following the recommendations of the manufacturer. Once stained, cells were washed once in 2 ml of PBS, suspended in 0.5 ml of PBS, and analyzed in the flow cytometer.
T-cell phenotype Cell surface markers were evaluated by flow cytometry with a whole-blood stain-lyse-and-thenwash method, using the florescence-activated cell sorting (FACS) lysing solution (BDB). Cells were stained with anti-CD8 APC or anti-CD4 APC, anti-CD28 PE-cyanin 5 (PC5), anti-HLA-DR PE, and anti-CD57 FITC MAbs (BDB). HLA-DR and CD57 expression were used to evaluate early and late T-cell activation, and absence of CD28 expression on T lymphocytes was used to quantify the fraction of memory effector T cells/large granular lymphocytes [22] [23] [24] [25] .
Serum cytokine levels IL-2, IL-4, IL-6, IL-10, TNF-α, and INF-γ serum levels were quantified using the BD™ Cytometric Bead Array Human Th1/Th2 Cytokine Kit II (BDB).
Data acquisition and analysis Data acquisition was performed in a FACSCalibur flow cytometer, equipped with a 488-nm argon ion and a 635-nm red diode laser, using the CellQUEST™ software program (BDB). For Tcell phenotype and T-cell cytokine production analysis, Mann-Whitney U test in the case of a non-Gaussian distribution. Significance was accepted at p less than 0.05.
Results
The hematological characteristics of the three groups studied are summarized in Table I . Hemodialysis CKD patients were more anemic than controls, and nonresponder patients were even more anemic than responder patients. No difference was found between the three groups of patients concerning the WBC count. However, CKD patients showed lymphopenia as well as increased monocyte and neutrophil counts and increased neutrophil/lymphocyte ratio, as compared to controls. Lymphopenia observed in CKD patients results at least in part from a decrease in total circulating CD3 + T lymphocytes and affects both the CD4 + and the CD8 + T-cell subsets (p<0.05). Statistically significant differences were found between responders and nonresponders to rhEPO therapy, concerning total lymphocyte and CD4 + T-cell counts (lower for nonresponders; p<0.05), and to neutrophil/ lymphocyte ratio (higher for nonresponders; p<0.05). No statistically significant differences were found between the three groups of individuals concerning immunoglobulin serum levels (Table I) .
CKD patients showed a statistically significant increase (p<0.05) in the proportion of CD28 (Table II) . No statistically significant differences were found between responders and nonresponders to rhEPO concerning expression of CD28 co-stimulatory, and CD57 and HLA-DR cell-surface activation-related molecules. CKD patients showed a statistically significant increase in serum levels of CRP, sIL2R, and IL-6 as compared to Table III ). In contrast, serum levels of IL-2 and TNF-α were lower in CKD patients, these Th1 cytokines being detected in 11 and 10 out of 18 control samples, respectively, whereas in none of the CKD patients' samples. Concerning IL-10, no differences were found between CKD patients and controls, this cytokine being detected in 10 out of 18 controls' and in 25 out of 50 CKD patients' samples. Serum levels of IL-4 and INF-γ were undetectable in both control's and patient's samples. T cells from CKD patients produced higher amounts of IL-2, TNF-α, and IFN-γ after short-term in vitro stimulation as compared to controls (Figs. 1 and 2) . Statistically significant differences (p<0.05) were observed for IL-2, INF-γ, and TNF-α in the case of CD8 + T cells but only for IL-2 and TNF-α in the case of CD4 + T cells. When comparing responders and nonresponders CKD patients, we found that nonresponders showed decreased serum levels of albumin (p<0.01) and increased CRP (p< 0.05) and IL-10 (p<0.05) serum levels, this cytokine being detected in 17 of the 25 analyzed samples, as compared to 8 out of the 25 responder's samples (Table III) . No differences were observed between responders and nonresponders in the levels of the other soluble mediators, neither on the ability to produce Th1 cytokines after shortterm in vitro stimulation.
Discussion
In this study, we demonstrated that CKD patients under hemodialysis treatment show neutrophilia, increased neutrophil/lymphocyte ratio, and higher levels of IL-6, sIL2R, and CRP pro-inflammatory molecules in the serum, and decreased albumin serum levels, confirming the presence of an inflammatory process. The fact that nonresponders had higher CRP and lower albumin serum levels as compared to responders would suggest a relationship between resistance to rhEPO therapy and the magnitude of the inflammatory response, already described in literature [13, 14, [26] [27] [28] .
In addition, this study demonstrated that CKD patients have lower number of total lymphocytes, CD4 + and CD8 + T lymphocytes, when compared to controls, although statistically significant differences between responders and nonresponders to rhEPO therapy were found only for total lymphocytes and CD4 + T cells, which were lower in nonresponders. T and B lymphopenia have been previously described in literature in CKD patients, associated with renal-replacement therapy [29, 30] . B lymphopenia has been associated with stage 5 of CKD and T lymphopenia to a selective depletion of naïve CD4 + and CD8 + T lymphocytes and CD4
+ central memory population [31] . There are some possible explanations for lymphocyte depletion in CKD patients, namely, increased turnover, disturbance of lymphocyte homeostasis due to uremia and increased peripheral lymphocyte apoptosis associated with activation stimulus [14, [31] [32] [33] [34] [35] . This lymphocyte depletion could be ; grey bars) T cells after short-term in vitro stimulation with phorbol-12 myristate 13-acetate plus Ionomycin in controls, as well as in responder and nonresponder CKD patients. Boxplot shows median value (horizontal line in box) and first and third quartiles (inferior and superior lines of the box, respectively) exacerbated in nonresponders, justifying the difference found between the two groups of patients concerning total lymphocytes and CD4 + T lymphocytes. Increased proportions of both early (HLA-DR) and lateactivation (CD57) markers on both CD4 + and CD8 + T-cell subsets are compatible with an enhanced continuous activation state in CKD patients [22] . This probably results from persistent antigen stimulation/chronic inflammation associated with hemodialysis and/or chronic renal failure, which probably also justifies the increase in the fraction of memory effector T cells/large granular lymphocytes, as shown by the higher percentage of CD4 + /CD28 − and CD8 + / CD28
− T cells observed in hemodialysis CKD patients when compared to controls [25] . Curiously, higher levels of expression of HLA-DR and CD57 were observed not only on total CD4 + and CD8 + T cells, but also on CD4 + /CD28
− and CD8 + /CD28 − T-cell subsets. On literature, we found only one paper [14] describing cytokine and CD28 T-cell expression in CKD patients, and the authors showed statistically significant differences between responders and nonresponders to rhEPO therapy. However, in our study, no differences were found between the two groups of patients. These differences could be due to the difference between studied CKD patient population, namely, concerning the existence of other rhEPO resistance-related factors. In accordance to their enhanced activation state, T cells from CKD patients under hemodialysis treatment show an enhanced ability to produce Th1-related cytokines (IL-2, INF-γ, and TNF-α) after short-term in vitro stimulation, although these cytokines were undetectable in serum. This increased capacity to produce Th1 cytokines could justify, at least in part, the anemia found in CKD patients. In fact, these cytokines are described to be associated to an inhibitory effect to the formation of CFU-Es and BFU-Es [12] [13] [14] 16] . However, this enhanced capacity to produce cytokines is not associated to the refractoriness to rhEPO therapy, as previously described in nonresponder CKD patients [7] .
In conclusion, our results show that CKD patients have an enhanced inflammatory response as well as evidence of Th1 polarized T-cell activation process and suggest that resistance to rhEPO therapy is associated to inflammation markers and CD4 + lymphopenia but cannot be ascribed to an enhanced T-cell activation state neither to a mediated Th1 response. Further studies are required to understand the mechanism of lymphocyte loss and its consequences in the response to rhEPO therapy.
